Introduction {#S1}
============

The *WWOX* gene is an important transcription regulator. It is known to regulate the activity of a number of transcription factors, including Jun, AP2gamma, NFkappaB, ErbB4 ([@B7], [@B6]; [@B21]; [@B11]). It has been found to have tumor suppressor activity, and recent studies have investigated its potential new physiological roles in DNA repair and glucose metabolism ([@B6]; [@B4]; [@B26]). In addition to steroid-hormone regulated tissues like those in the testis, ovary and breast, the *WWOX* gene also shows high expression in the brain and cerebellum ([@B45]). Loss of correct *WWOX* expression is a common event associated with cancer promotion, progression and resistance to treatment ([@B50], [@B51]; [@B16]; [@B18]; [@B65]; [@B33]; [@B56]; [@B53]). Unlike classic suppressor genes, the loss of functionality of only one *WWOX* allele is sufficient to increase the chance of cancerogenesis (haploinsufficiency).

WWOX has also been found to play a significant role in glioblastoma (GBM), the most malignant brain tumor. It has been shown that loss of heterozygosity, a relatively frequent occurrence in GBM, along with promoter methylation may decrease the expression of the *WWOX* gene. Our experiment also revealed a correlation between the expression of *WWOX* and that of *Bcl2*, *Ki67*, and *ErbB4* in this type of cancer ([@B31]). Further investigations have found *WWOX* expression to modulate the global profile of gene expression in the GBM T98G cell line, and increased *WWOX* expression makes its phenotype less malignant. Cells with ectopically expressed *WWOX* demonstrate significantly different transcription profiles among almost 3000 genes, with WNT, TGFβ, Notch and Hedgehog being the main cellular pathways affected; all of these are involved both in GBM carcinogenesis and neural differentiation. Moreover, the *WWOX*-transfected GBM cells presented greatly altered biological characteristics, lowered proliferation, adhesion and impaired 3D growth ([@B30]).

Recent evidence suggests that *WWOX* may play a regulatory role in central nervous system (CNS) development and functioning ([@B12]; [@B39]; [@B57]; [@B59]; [@B36]; [@B54]; [@B25]). Complete loss of WWOX protein function in knock-out mice results in epilepsy and balance disturbances. The animals show progressive susceptibility to spontaneous and audiogenic tonic-clonic epilepsy, which is indicative of a neurodegenerative process ([@B40]). [@B57] report the presence of a spontaneous homozygous 13-bp deletion in exon 9 of the *WWOX* gene that has also been found in *Ide/Ide* rats. This deletion results in a frameshift in the C-terminus of the WWOX protein and may influence protein stability, since WWOX protein was undetectable in the hippocampus of the *Ide/Ide* rats. In addition to various abnormalities, such as dwarfism, postnatal lethality and male hypogonadism, the animals also display a high incidence of epilepsy, ataxic gait, audiogenic seizures and many vacuoles in the hippocampus and amygdala, indicating the progression of neurodegeneration ([@B57]). There is a strong overlap between the symptoms present in KO *WWOX* rodent models and those observed in humans. The genetic aberrations in the *WWOX* locus has been linked with two human neuropathological phenotypes: Spinocerebellar ataxia, autosomal recessive 12 (SCAR12, MIM 614322) and WWOX-Related Epileptic Encephalopathy/Early Infantile Epileptic Encephalopathy 28 (WOREE/EIEE28, MIM 616211). All known patients suffering from SCAR12 carry a homozygous missense mutation in *WWOX* coding region (139C \> A or 1114G \> C) that causes a partial loss of gene function, with the resulting substitutions placed in the WW1 protein--protein interaction domain and in the SDR (short-chain dehydrogenase/reductase) domain, respectively. These mutations affect the ability of the protein to bind to its cellular partners and may reduce its catalytic activity. The WOREE patients exhibiting more severe neurological disorders harbor nonsense/frameshift mutations and/or robust deletions of whole exons of *WWOX* gene ([@B43]; [@B60]; [@B19]; [@B49]).

Overall, reports describing neural aberrations connected with disruption of *WWOX locus* in humans and animals indicate that germline loss-of-function of *WWOX* leads to serious developmental deficiency in the neural system.

The *WWOX* gene was found to be also involved in neurodegenerative Alzheimer's disease. The level of WWOX protein is much lower in the hippocampal neurons of those suffering from Alzheimer's disease in comparison to healthy individuals ([@B58]; [@B62]). Moreover, *in vitro* studies of *WWOX* silencing in neuronal cells have resulted in spontaneous Tau phosphorylation and accumulation of neurofibrillary tangles (NFTs). It has been confirmed that WWOX interacts with GSK3β, ERK and other kinases inhibiting the phosphorylation of Tau and preventing NFTs formation and cell death. The role of WWOX as a Tau phosphorylation regulator is important not only in the context of neurodegeneration, but also neuronal differentiation, where the Tau protein takes part in microtubule assembly and neurite outgrowth. The level of *WWOX* expression was shown to decrease with age and is significantly lower in middle-aged individuals ([@B58]; [@B63]).

To date, WWOX has been experimentally shown to act as a regulator of several transcription factors, including p73 (considered as one of the main regulators of CNS organogenesis), ErbB4, Met, c-Jun, Gli1, and AP-2 ([@B7], [@B8], [@B6]; [@B21]; [@B42]; [@B67]). The shared mechanism of regulation is based on partner protein sequestration in the cytoplasm. Upon binding to WWOX, the locked transcription factors are unable to translocate to the nucleus and activate their target genes. A set of 240 proteins thought to be able to bind with WWOX has been given by [@B3]. An analysis of potential WWOX partners shows that the protein can affect pathways critical for neuronal differentiation, such as Notch, Hippo, Wnt, and TGFβ, which are also disturbed in the course of brain cancer.

So far, the molecular mechanism by which WWOX regulates nerve cell functioning is largely unknown. It has been suggested that *WWOX* may influence the CNS by regulating the proteins taking part in neuronal differentiation, through negative regulation of GSK3β, and apoptosis, probably via the mitochondrial pathway by downregulating apoptotic inhibitors Bcl2 and Bcl-xL. WWOX has also been shown to influence the action of such neural pathways as Wnt (Dvl-2), TGFβ (TIAF1, SMAD3, and SMAD7), Hedgehog (Gli1) by interacting with their constituent proteins ([@B10]; [@B20]; [@B67]; [@B13]; [@B24]). A recent study on WWOX KO mice by [@B25] found that lack of the protein leads to a reduction of GABA-ergic hippocampal neurons and a lowered level of GABA synthesis.

The described neuropathological phenotypes arising from genetic aberrations of the *WWOX* locus demonstrates the importance of the gene in CNS development and functioning. Although *WWOX* mutations found in SCAR12 or WOREE are very rare, possibly because of intrauteral lethality, changes in its expression are very common in pathological states like Alzheimer's disease or GBM.

The development of the CNS is a highly organized process consisting of neurogenesis, neuron migration, synaptogenesis and gliogenesis, which is controlled at multiple levels. It is likely that the WWOX protein is involved in at least some of these steps. Briefly, the process of cytoskeleton reorganization requires a complex configuration of intrinsic and extrinsic cues involving the action of membrane and ECM proteins, which triggers specific signaling pathways. Its details are still poorly understood and await further investigation. Our findings indicate that the silencing of WWOX in human neural progenitors results in significant changes in the regulation of genes encoding membrane/ECM, cell signaling, chromatin condensation and cytoskeleton proteins.

The study examines which specific genes and cellular pathways are influenced by WWOX in human neural progenitor cells (hNPC) and how *WWOX* affects their biological properties and differentiation. *WWOX* expression was silenced in the hNPC line, and the cells were tested for their ECM adhesion ability, mitochondrial potential and 3D growth; in addition, a global gene expression analysis was conducted with next generation sequencing (NGS).

Materials and Methods {#S2}
=====================

Cell Line and Culture Conditions {#S2.SS1}
--------------------------------

The human neural stem cells (hNSC, Thermo Fisher Scientific) are derived from H9 embryonic stem cells (hESC). According to manufacturer description they have the potential to differentiate into neurons, astrocytes and oligodendrocytes. The cells were cultured as an adherent culture in vessels coated with ECM protein mixture (Geltrex, Thermo Fisher Scientific). The cells were maintained in KnockOut^TM^ DMEM/F-12 Medium supplemented with 20 ng/ml EGF, FGFb, StemPro Neural Supplement (Thermo Fisher Scientific) and Antibiotic-Antimycotic (Gibco) and handled according to the supplier recommendations.

Spontaneous differentiation of the cells was triggered by culturing in medium without the addition of EGF and FGFb growth factors for 14 days. Although the supplier claims that the cells are able to differentiate into neurons, astrocytes and oligodendrocytes upon growth factor removal, in our conditions all the cells were found to undergo differentiation into neurons, which was confirmed by immunocytochemistry. All differentiated cells were found to be positive for neuronal markers MAP2 and TUJ1 and negative for astrocytes -- GFAP or oligodendrocytes -- GalC markers ([Supplementary Figure S2](#SD1){ref-type="supplementary-material"}). This suggests that the cells lose their multipotence and instead of being neural stem cells are rather a neural progenitors (hNPC) and were regarded in this study as such.

The 2D differentiation assays were conducted on Geltrex coated vessels, and neuron maturity was assessed by immunocytochemistry with antibodies against neuronal marker MAP2. For a 3D culture assay, 16,000, 25,000, and 35,000 cells were seeded on a solidified 2 mm layer of growth factor-reduced Geltrex basement membrane matrix (Thermo Fisher Scientific).

In every conducted experiment the cells from both experimental variants were in the same, low passage number.

*WWOX* Gene Silencing {#S2.SS2}
---------------------

The *WWOX* gene was silenced by a shRNA lentiviral delivery system (Santa Cruz Biotechnology). The control cells were transduced with the same type of vector harboring scrambled shRNA sequence instead of targeting investigated gene. Target cells were seeded at a density of 5 × 10^4^ cells/cm^2^, and the next day, were infected with the virus suspension in culturing medium supplemented with polybrene 5 μg/ml (Sigma-Aldrich). After 24 h, the transduction mixture was removed and replaced with regular medium. The stable transductants were selected with 0.4 μg/ml puromycin. The gene silencing efficiency was assessed with Western blot.

Western Blot {#S2.SS3}
------------

The cellular proteins were extracted with RIPA buffer supplemented with protease inhibitor cocktail, PMSF and Na-orthovanadate (Santa Cruz Biotechnology). Briefly, 60 μg of protein was resolved on SDS-PAGE and transferred to PVDF membrane. After blocking in 5% non-fat milk, membranes were incubated overnight in 4°C with a primary antibody, anti-WWOX (Thermo Fisher Scientific). After 1-h incubation with a suitable secondary antibody conjugated with alkaline phosphatase (Sigma-Aldrich), the membranes were developed with Novex AP Chromogenic Substrate (Thermo Fisher Scientific). The ImageJ software was used for densitometric analysis of protein amount, adjusted to GAPDH as a reference protein.

Immunocytochemistry {#S2.SS4}
-------------------

The cells were fixed with ice cold ethanol:acetic acid (95:5) solution for 10 min. After a double wash with DPBS, unspecific antibody binding was blocked with blocking buffer (2% BSA, 1% donkey serum, and 0.1% Triton-X100). Next step was incubation with the primary antibodies (Millipore, Thermo Fisher Scientific) 1:200 solution in 5% donkey serum, 4°C, overnight. After double washing with DPBS, the cells were incubated with secondary antibodies (donkey, Alexa Fluor 488/594 conjugated), diluted 1:1000. The nuclei were counterstained with DAPI and the cells were imagined with FLoid Cell Imaging System (Thermo Fisher Scientific).

Adhesion Assays {#S2.SS5}
---------------

The cells were seeded on 96-well plate coated with Geltrex (Gibco) at a density of 17,500 cells/well. The adhesion to fibronectin was assessed on 48-well fibronectin-coated plate (BD). The cells were seeded at a density of 100,000 cells/well. The cells were incubated for 90 min at 37°C. Next the cells were washed with PBS and adherent cells were stained with Cell Stain Solution (Cell Biolabs, Inc.). The stain was dissolved in Extraction Solution (Cell Biolabs, Inc.) and the absorbance was read with a plate reader (BioTek), λ = 570 nm.

Zymography {#S2.SS6}
----------

The level of metalloproteinase 2 and 9 was examined by gelatin zymography. The cells were cultured on a six-well plate for 48 h and the culture medium was collected for protein analysis. Protein concentration was measured with a Qubit Protein Assay with Qubit 2.0 fluorometer (Thermo Fisher Scientific). A total of 2 μg protein extracts was loaded and separated on 10% SDS-PAGE gel prepared with addition of 2 mg/ml gelatin. The gel was washed with Triton X-100 and incubated in a developing buffer (0.5 M Tris--HCl, 2 M NaCl, 50 mM CaCl 2, pH 7.5) at 37°C for 18 h. Next, it was stained with Coomassie Brilliant Blue R-250 and incubated in destaining buffer (methanol: acetic acid: water, 3:1:6) to visualize white bands on a blue background where gelatinolytic metalloproteinases were active. The active or inactive form of MMP2 and 9 was identified according to protein marker separated on the same gel. The amount of the proteins was assessed with ImageJ software, based on the area of the clear band.

Redox Assay {#S2.SS7}
-----------

The mitochondrial metabolic activity was measured using PrestoBlue reagent (resazurin based, Thermo Fisher Scientific). Cells were seeded on 96-well white, clear-bottom 96-well plate at a density of 20,000 cells/well. PrestoBlue was added to fresh medium 18 h post seeding and the cells were incubated in 37°C. The fluorescence of resorufin obtained by reduction of resazurin in mitochondria was measured in intervals for 5 h with Victor X4 plate reader (PerkinElmer), excitation λ = 550 nm.

Statistical Analysis of Biological Assays {#S2.SS8}
-----------------------------------------

The results of the adhesion, mitochondrial redox potential and zymography procedures are presented as means. The normality of data distribution was verified with Shapiro--Wilk Normality Test and the statistical relevance was evaluated with unpaired *t*-test. The results are described as significant when *p* \< 0.05.

CAGE Gene Expression Analysis {#S2.SS9}
-----------------------------

The gene expression profile of 2D cultured undifferentiated and differentiated cells were analyzed with cap analysis of gene expression (CAGE) technique.

The libraries for sequencing were prepared according to Carnici, described in detail elsewhere ([@B61]). Briefly, polyadenylated and non-polyadenylated RNA was reverse transcribed into cDNA with the use of a random prime-containing *Eco*P15I sequence. The next step was biotinylation of the cap site and the 3′ ends of the hybridized RNAs. Non-hybridized ssRNAs were digested and the 5′ complete cDNAs hybridized to biotin-tagged, cap-containing RNAs were separated on streptavidin-coated magnetic beads. cDNA was released from RNA and a double-stranded 5′ linker with a barcode and *Eco*P15I sequences was ligated. Subsequently, using the biotinylated 2nd SOL primer, a second strand cDNA was synthetized. The digestion with *Eco*P15I allowed 27 bp fragments to be cleaved inside the 5′ end of the cDNA. At the 3′ end of the cDNA, a 3′ linker with 3′ Illumina primer sequence was ligated. Following this, the constructed CAGE tags were amplified and purified. The prepared libraries were sequenced on an Illumina HiSeq System. The data was then analyzed in-house. The raw data from CAGE experiment are deposited in NCBI Gene Expression Omnibus (GEO) Database with accession number [GSE126075](GSE126075).

Data Processing {#S2.SS10}
---------------

The obtained CAGE data was processed by the MOIRAI system ([@B23]), a GUI-based workflow system allowing quality control and further data transformation into multiple file formats for subsequent expression analyses. Briefly, raw input was split by barcode, following which, sequences of low quality (with base N) were removed and processed via BWA to output BAM files. Primarily, the GRCh37/hg19 assembly was used as a reference human genome; however, the data was reprocessed through UCSC liftOver tool ([@B32]) to convert the genomic coordinates of CAGE peaks into current GRCh38/hg38 assembly and make the data meaningful for the recent genome version. Subsequently, CAGE output was analyzed with CAGEr ([@B22]), a Bioconductor package enabling preprocessing, identification and normalization of transcription start sites (TSS) and downstream analysis of the promoterome based upon CAGE sequencing with the BSgenome.Hsapiens.UCSC.hg38 package as a referent genome ([@B47]). Analysis was performed according to Haberle and Plessy^[1](#footnote1){ref-type="fn"}^. In brief, raw CAGE tag counts were normalized with simple TPM method, TSS were clustered into tag clusters corresponding to individual promoters using paraclu clustering algorithm and mapped to known promoters using CAGE peaks identified as true TSS by TSS classifier available at FANTOM5 repository ([@B38]) (GRCh38/hg38 assembly).

Global Biological Differentiation -- Gene Set Enrichment Analysis {#S2.SS11}
-----------------------------------------------------------------

Global differences between hNPC with silenced *WWOX* expression and controls before and after differentiation were determined in terms of gene ontology (GO), such as biological processes (BP), by applying the gene set enrichment analysis (GSEA) algorithm. Enrichment analysis was performed for 9427 genes between shWWOX and shScrambled, classified as phenotype labels separately for hNPC and neurons through *t*-test with a weighted scoring scheme and a permutation type regarding phenotype. Significance threshold was set as FDR \< 0.25.

Protein--Protein Interaction Analysis {#S2.SS12}
-------------------------------------

The interaction relationships of the proteins encoded by the differentially expressed genes were searched and visualized with the Search Tool for the Retrieval of Interacting Genes (STRING) Plug-in (version 1.4.0)^[2](#footnote2){ref-type="fn"}^ in Cytoscape software (version 3.6.1)^[3](#footnote3){ref-type="fn"}^. All the parameters were set as default values, and the confidence (combined score) ≥ 0.4 was used as the cut off criterion.

Principle Component Analysis {#S2.SS13}
----------------------------

Dimensional grouping investigating hNPC phenotypes according to a set of selected genes was performed using principle component analysis (PCA). The analysis involved 362 genes of several oxidative stress response/antioxidant defense/oxygen species activity connected groups form The Molecular Signatures Database (MSigDB)^[4](#footnote4){ref-type="fn"}^, a collection of annotated gene sets. The PCA was conducted to determine the contribution of particular genes into partitioning of cell genotype across first and second dimensions (dim1 and dim2) with the oxidative gene set as an active variable. All analyses were performed using FactoMineR and Factoextra R packages.

Results {#S3}
=======

An analysis of NGS data deposited in the RIKEN Fantom5 Project data repository^[5](#footnote5){ref-type="fn"}^ indicates that the level of *WWOX* expression in the human brain varies according to location ([Figure 1](#F1){ref-type="fig"}). The highest levels are observed in the corpus callosum and medulla oblongata, and the lowest in the postcentral and paracentral gyrus. Moreover, adults display greater *WWOX* expression in the brain as a whole than 20--33 weeks fetuses, 17.7 TPM RLE (tags per million, relative log expression) vs. 9.2 TPM RLE.

![The *WWOX* gene expression level in different human brain compartment (Fantom 5, Zenbu, Riken). The counts were normalized as TPM (tags per million) after scaling by normalization factors calculated by RLE (relative log expression) method.](fncel-13-00391-g001){#F1}

In the present study, the hNPC cells were transduced with lentiviral shRNA vector. After confirmation of *WWOX* gene silencing by Western blot ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}) the hNPC/shWWOX cells and control hNPC/shScrambled were cultured either as a 2D monolayer culture using plates coated with a thin layer of diluted Geltrex or as a 3D culture in a thick (2--3 mm) Geltrex scaffold. Next, the cells were used in a number of biological experiments, and global analysis of transcriptome was performed using CAGE.

*WWOX* Depletion Alters the Main Biological Functions of hNPC {#S3.SS1}
-------------------------------------------------------------

A number of biological differences were observed between the hNPC cells with silenced *WWOX* and controls.

*WWOX* silencing reduced the mitochondrial redox activity of the cells ([Figure 2](#F2){ref-type="fig"}) and strongly affected their adhesion to ECM proteins. The hNPC cells with silenced *WWOX* demonstrated considerably stronger adhesion to the ECM protein mixture (*p* = 0.0626) and to fibronectin alone (*p* \< 0.05) ([Figure 3](#F3){ref-type="fig"}).

![Mitochondrial redox activity tested by PrestoBlue^®^ assay based on colorimetric measurement of resofurin, ^∗^*p* \< 0.05.](fncel-13-00391-g002){#F2}

![Adhesion of *WWOX* silenced hNPC cells to ECM protein mixture (Geltrex, **A**), the tendency not reaching the statistical significance (0.0626) and to fibronectin **(B)**, ^∗^*p* \< 0.05.](fncel-13-00391-g003){#F3}

It was also found that downregulation of *WWOX* lowered pro-MMP2 and pro-MMP9 metalloproteinase secretion ([Figure 4](#F4){ref-type="fig"}).

![Gelatin zymography analysis showing the level of pro-MMP2 (72 kDa) and pro-MMP9 (92 kDa) secreted by control and WWOX-silenced hNPC, *^∗^p* \< 0.05.](fncel-13-00391-g004){#F4}

Most striking was that in 3D culture, the hNPC with silenced *WWOX* remained as isolated, single cells that did not proliferate nor differentiate, while cells with unaltered *WWOX* expression differentiated and exhibited extensive network formation ([Figures 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}). This observation was confirmed in three separate experiments and was not influenced by the seeding density (data not shown). No such phenomenon was observed when the cells were cultured in 2D as a monolayer ([Figure 7](#F7){ref-type="fig"}).

![hNPC cells cultured for 8 days in thick 3D Geltrex (ECM protein mixture) layer. **(A,B)** hNPC/shScrambled, 200× and 40×, respectively. **(C,D)** hNPC/shWWOX, 200× and 40×, respectively.](fncel-13-00391-g005){#F5}

![hNPC cells cultured for 19 days in thick 3D Geltrex (ECM protein mixture) layer. **(A,B)** hNPC/shScrambled, 200× and 40×, respectively. **(C,D)** hNPC/shWWOX, 200× and 40×, respectively.](fncel-13-00391-g006){#F6}

![hNPC cells cultured for 18 days in 2D ECM protein mixture coated vessels, 200×. **(A,B)** hNPC/shScrambled, **(C,D)** hNPC/shWWOX, green MAP2 neuronal marker, blue DAPI nucleus counterstain.](fncel-13-00391-g007){#F7}

Functional Enrichment Analysis {#S3.SS2}
------------------------------

The global gene expression was assessed in the hNPC with the silenced *WWOX* expression and the control group before and after differentiation by CAGE. Whole transcriptome sequencing revealed global changes in the regulation of a number of pivotal cellular pathways and functions. It was found that 2282 genes were differentially expressed between hNPC/shScrambled and hNPC/sh*WWOX* (log2 FC \> ±1, *p* \< 0.05) and 7392 differed between differentiated neurons/shScrambled and neurons/sh*WWOX*. To identify global biological changes between cells with different *WWOX* status, enrichment analysis was performed within GO BP using a GSEA algorithm. The top five most altered BP classified according to GO terms are presented in [Table 1](#T1){ref-type="table"} and includes adhesion, neural migration and differentiation. Significantly greater numbers of enriched gene sets was found for undifferentiated cells (44 for hNPC/shScrambled and 109 for hNPC/sh*WWOX*, FDR \< 0.25) than for differentiated neurons (no gene sets for neurons/shScrambled and four sets in neurons/sh*WWOX*). The detailed results are available as [Supplementary Tables S2, S3](#SD1){ref-type="supplementary-material"}. Enrichment plots for selected gene sets are given in [Figure 8](#F8){ref-type="fig"}.

###### 

Top gene sets enriched in hNPC with native *WWOX* expression level.

  **Gene set name**                                                      **Gene number**   **Enrichment score**
  ---------------------------------------------------------------------- ----------------- ----------------------
  GO_neural_crest_cell_differentiation                                   33                0.622
  GO_neural_crest_cell_migration                                         21                0.677
  GO_homophilic_cell_adhesion_via\_ plasma_membrane_adhesion_molecules   53                0.511
  GO_cell_cell_adhesion_via_plasma \_membrane_adhesion_molecules         69                0.428
  GO_negative_regulation_of\_ axon_extension                             21                0.578

FDR

q

-value \< 0.25.

![GSEA enrichment plots presenting adhesion **(A)** and differentiation **(B)** gene sets enriched in hNPC cells.](fncel-13-00391-g008){#F8}

The GSEA showed that *WWOX* silencing causes substantial gene expression reorganization. We found dualistic enrichment of GO_Stem_Cell_Differentiation gene set in both phenotypes ([Figure 8B](#F8){ref-type="fig"}). In the hNPC/shScrambled the leading edge subset (considered as the most upregulated and promising genes) included LOXL3, JAG1, SOX21, ERBB4, KITLG, GPM6A, EFNB1, FGF10, NRG1, WWTR1, RUNX2, LAMA5, MSI2, SEMA4D, BCHE, FOXC1, SMAD4, SEMA5A, SEMA5B, SEMA6C, SEMA3A, SEMA6A, SEMA3C, GSK3B, BMP7, SFRP1, SEMA4F, and SEMA4B, whereas the hNPC/sh*WWOX* leading edge subset included HHEX, FGFR2, GBX2, SNAI1, GREM1, MSX2, and MSX1.

Protein--Protein Interaction Network Analysis {#S3.SS3}
---------------------------------------------

Based on information from the STRING database, the protein--protein global interaction network was constructed with Log2 fold change of differentially expressed genes belonging to gene sets related to membrane proteins, cytoskeleton and cell signaling. The selected genes encode proteins that play an important role in the steps of CNS development -- neurogenesis, neuron migration, and synaptogenesis. The constructed network comprised of 198 nodes and 1113 edges ([Figure 9](#F9){ref-type="fig"}; for details see [Supplementary Figure S3](#SD2){ref-type="supplementary-material"}). [Figure 10](#F10){ref-type="fig"} presents protein--protein interaction networks of genes which are differentially expressed between undifferentiated hNPC (A) and differentiated neurons (B). In hNPC, the most significantly upregulated genes (Log2 fold change \> ±1, *p* \< 0.05) are associated with signaling and chromatin remodeling.

![Protein--protein interaction network of differentially expressed genes involved in neuron migration. Cytoskeleton and ER are red; membrane and ECM proteins are green; cell signaling and chromatin remodeling are blue. High resolution figure with legible gene names available in [Supplementary Figure S3](#SD2){ref-type="supplementary-material"}.](fncel-13-00391-g009){#F9}

![Protein--protein interaction network of differentially expressed genes involved in neuron migration. **(A)** Log2 fold change of gene expression in hNPC/shWWOX vs. hNPC/shScrambled. **(B)** Log2 fold change of gene expression in neurons/shWWOX vs. neurons/shScrambled. Significantly upregulated genes are magenta; significantly downregulated genes are turquoise (Log2 fold change \> ±1, *p* \< 0.05). High resolution figure with legible gene names available in [Supplementary Figures S4](#SD3){ref-type="supplementary-material"}, [S5](#SD4){ref-type="supplementary-material"}.](fncel-13-00391-g010){#F10}

Principle Component Analysis {#S3.SS4}
----------------------------

Principle component analysis employing the oxidative gene set served to identify genes of the highest contribution to spatial partitioning of the genotypes and selection of genes differentiating hNPC/shScrambled, hNPC/shWWOX, neurons/shScrambled and neurons/shWWOX in the most significant manner. As expected, we obviously found clear partitioning of hNPC and neuronal genotypes across the first dimension with a total variance of 77.7%. However, we also observed a clear partitioning across the dim2 with a total variance of 14.6%. The dim2 differentiates shScrambled and shWWOX variants indicating changes in oxidation-related genes induced by *WWOX* depletion ([Figure 11](#F11){ref-type="fig"}). PCA analysis showed that among oxidative catabolism and oxidative stress genes that expression differentiates between *WWOX* expressing and *WWOX* depleted hNPC as well as neurons are those important for energy and redox metabolism. Examples of genes mostly involved in such differentiation are: Hexokinase 2 (HK2), Pyruvate Dehydrogenase Kinase 1 (PDK1), Lactate Dehydrogenase A (LDHA), Ferredoxin Reductase (FDXA), Cytochrome C (CYCS), Superoxide Dismutase 1 and 2 (SOD1 and SOD2), and Peroxiredoxin 2 (PRDX2), see [Supplementary Table S1](#SD1){ref-type="supplementary-material"} for all involved genes.

![The principle component analysis employing the gene set of oxidative gene set for identification of genes of the highest contribution to spatial partitioning of the genotypes and selection of genes differentiating hNPC/shScrambled, hNPC/shWWOX, neurons/shScrambled and neurons/shWWOX in the most significant manner. The partitioning of hNPC and neuron genotypes across the first dimension. The partitioning of shScrambled control and shWWOX genotypes across the second dimension.](fncel-13-00391-g011){#F11}

Discussion {#S4}
==========

The *WWOX* tumor suppressor gene has been recently recognized as a global modulator of transcription and an important regulator of brain differentiation and maintenance. Aberrations in *WWOX* expression lead to severe developmental neuropathologies as well as metabolic insufficiency and premature death ([@B54]). Public data from the Fantom 5 Project of the Riken Database ([@B52]; [@B38]) indicate that in human brain, *WWOX* expression is strongly dependent on the brain compartment as well as the age of the organism. In our study, we aimed to clarify the molecular basis of *WWOX* actions in neural tissue by analyzing the changes in phenotype and gene expression in hNPC with silenced *WWOX*.

The process of brain development is highly organized and its precise orchestration is vital to ensure the perfect construction of such a complex organ. Neurons and glial cells must be created in accurate numbers, locations and timing. The differentiation of neural stem cells into neurons, as well as the maintenance of the pool of undifferentiated neural progenitors, is governed by intra and extracellular signaling and involves mainly Notch, Wnt, and Hedgehog signaling pathways ([@B27]). Our analysis of the functional networks of the differentially expressed genes revealed that *WWOX* expression in hNPC is associated with transcription regulation of genes of neural differentiation that take part in such pathways as Notch, PI3K kinase, PDGF, Cadherin, Hedgehog, and Endothelin signaling pathway.

The migration of the newborn neurons to their destination sites requires several major changes in cell polarity and motility. Young neurons leaving the SVZ exhibit multipolarity, and those on their way to target site typically display a bipolar morphology ([@B41]). This elaborate process is guided by intricate intra and extracellular signals. The pivotal role in migration is played by cytoskeleton components such as actin filaments and microtubules, as well as motor proteins like dyneins and kinesins, which undergo strictly controlled rearrangements to facilitate directional movement ([@B27]). We showed that *WWOX* silencing in neural progenitor cells significantly changed expression of a large set of genes connected to cytoskeleton organization, e.g., MAP2/4/6, DCLK, NEFM, and NEFL that are engaged in microtubule and neurofilament assembly. [@B55] showed that impairment in the function of cytoskeletal genes, such as those associated with tubulins, causes severe disturbances in gyrification and lissencephaly, i.e., lack of brain folds and grooves ([@B37]). This emphasize the importance of migration process in cortex development.

During synaptogenesis the targets identification by the protruding ends of the outgrowing axons is mediated by cell adhesion molecules, e.g., NCAMs, N-cadherin and integrins, as well as extracellular matrix proteins ([@B17]). Repulsive or attractive cues triggers signalization leading to reorganization of cytoskeleton facilitating directional movement. A number of cell-adhesion proteins is also involved in pre- and postsynaptic specialization ([@B35]). In our study, the lack of *WWOX* expression resulted in significant changes in cellular adhesion to ECM proteins. The hNPC/sh*WWOX* cells demonstrated increased ability to adhere to fibronectin (*p* \< 0.05) and to the ECM protein mixture (*p* = 0.0626). Previous studies conducted on various cancer cell lines also identified a negative correlation between *WWOX* expression level and adherence ability ([@B68]; [@B48]; [@B30]). Our data indicates that WWOX is an important regulator of the tissue architecture. The changes in *WWOX* expression influence the levels of a number of pivotal adherence proteins, e.g., CDH2 (expression doubled in hNPC/shScrambled in compare to hNPC/sh*WWOX*) and ITGβ1 (expression lowered twice in hNPC/shScrambled in compare to hNPC/sh*WWOX*). The amount of secreted metalloproteinases (pro-MMP2 and pro-MMP9) was also significantly lowered in *WWOX* depleted cells. Metalloproteinases play a major role in the process of migration for neural progenitor cells and neural crest cells ([@B64]; [@B44]). The interaction between ECM proteins and neural stem/progenitor cells is essential for the process of neurodifferentiation and functional maturation ([@B34]). In addition to differentiation, the biochemical and biomechanical interaction with the extracellular microenvironment is also crucial for neural cell migration during the development of the nervous system, as well as in the case of brain injury ([@B29]). The precise nature of the effect of WWOX on cell adhesion to ECM proteins remain unclear, but aberrations in WWOX protein level or functionality may disturb this physiologically relevant interactions.

The other main change observed in hNPC phenotype concerned mitochondrial redox potential. A number of papers have presented data suggesting that WWOX is capable of modulating cell metabolism ([@B46]; [@B15]; [@B5]; [@B14]). In the presented study, hNPC with silenced *WWOX* exhibit significantly lowered mitochondrial redox potential. Reactive oxygen species levels and mitochondrial metabolic state strongly contribute to neurogenesis and neuron maturation. The balance in this processes is critical for maintaining cellular homeostasis and accurate source, timing and localization of ROS synthesis is crucial for neuron physiology ([@B9]; [@B66]). In our study, the transcriptome of investigated cells was analyzed to look for a confirmation of the observed decrease of the redox potential in *WWOX* depleted hNPC. A PCA with an oxidative stress response/antioxidant defense gene set was employed. The analysis clearly shows that in the terms of the resultant effect of the considered genes' expression, the control and *WWOX*-depleted genotypes are completely different ([Figure 11](#F11){ref-type="fig"}). This is true both for undifferentiated hNPC and differentiated neurons. Amongst the genes with the highest contribution to differentiation between *WWOX* high/low variants are several important players participating in basic metabolism and reactive oxygen species control ([Supplementary Table S1](#SD1){ref-type="supplementary-material"}). Therefore, we conclude that *WWOX* might have considerable impact on neurons through modulation of oxygen metabolism and mitochondria functioning.

The specific mechanisms that underlie the individual stages of brain development process are far from being understood. Even so, our findings suggest that the WWOX protein might be an important regulator of neuronal migration and synaptogenesis. Its expression downregulation is significantly associated with changes in the level of expression of the genes involved in cell motility and adhesion, regulation of chromatin condensation and global cell signaling. The gene expression alternations identified in the CAGE analysis are consistent with phenotypical changes including cell adhesion, motility and ability for 3D growth.

The most striking observation in hNPC phenotype was noted when the cells were cultured in a three dimensional scaffold formed of ECM protein mixture. Under these conditions, the hNPC/sh*WWOX* cells lost their potential for 3D growth. They remained as single cells that did neither proliferate nor differentiate, whereas hNPC/shScrambled controls formed extensive cellular networks. This effect of *WWOX* depletion was observed irrespective of seeding density. This observation, along with changes in cellular adhesion, suggests that *WWOX* deprivation may lead to deficiency in cytoskeleton organization, interactions between cells and extracellular matrix proteins that impair correct tissue formation. In fact, human individuals known to possess dysfunctional *WWOX* variants present physical abnormalities in brain structure, *inter alia* global atrophy and hypoplasia of the corpus callosum ([@B2]; [@B19]; [@B28]). Similarly, [@B1] report that silencing *WWOX* expression in MCF-10A normal breast cell line caused impairment of 3D growth and increases levels of fibronectin. In our previous report we demonstrated that differentiation of *WWOX* expression influences the 3D growth of the GBM T98G cell line, with upregulation of its expression disturbing the growth and spread of cancer cells in an ECM matrix ([@B30]). This inability to perform 3D growth might by implied by massive gene expression deregulation triggered by *WWOX* depletion.

To identify which specific pathways may be influenced by WWOX protein in hNPC, the transcription profiles of undifferentiated hNPC cells and hNPC differentiated into neurons were compared between *WWOX* high and *WWOX* low variants and analyzed ontologically to match the differentially expressed genes with the BP. The global analysis showed enrichment in 14 gene sets related to neuronal development and differentiation (e.g., neuronal progenitor cell population maintenance, regulation of neuron migration, neural crest cell differentiation) ([Supplementary Table S2](#SD1){ref-type="supplementary-material"}). It was found that the gene sets were enriched in hNPC/shScrambled cells versus hNPC/sh*WWOX*, indicating that WWOX-induced transcription downregulation severely interferes with CNS developmental processes. Our results shows that beside adhesion membrane proteins, *WWOX* expression also influences a significant set of genes engaged in cytoskeleton structure and intracellular signaling. This can directly imply the observed disability for 3D growth and differentiation. *In vivo* the change in cell polarity and morphology is needed to allow migration from neurogenic niches to the final localization, and *WWOX* silencing appears to cause deregulation of the genes crucial for microtubule and neurofilament assembly as well as motor proteins.

The other large functional groups emerging from the ontological analysis were the gene sets connected with cellular adhesion and neurotransmitter management. It was shown recently that in a murine model, *WWOX* knockout may lower GABA synthesis ([@B25]).

The multiplicity of molecular changes caused by *WWOX* depletion highlights its importance for the neural differentiation process. Aberration of its expression and/or protein functionality may disturb the delicate balance of this complicated net of connections and consequently lead to severe neuropathological conditions. WWOX has been postulated to act as linker in various protein crosstalk, an important multifunctional node that connects numerous proteins in many pathways, what may nicely explain the versatile effects of its silencing.

Conclusion {#S5}
==========

Our findings indicate that appropriate *WWOX* expression is required for hNPC maintenance and differentiation. The silencing of *WWOX* expression results in global transcriptional changes, with the upregulation of some group of genes and simultaneous downregulation of others. Hence, it appears that the WWOX protein may be one of the master expression regulators in neural tissue.
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